are widely distributed in the brain with high concentrations in the telencephalon where they modulate synaptic plasticity, working memory, and other functions. While the actions of the predominate GluN2 NMDAR subunits, GluN2A and GluN2B are relatively well understood, the function of GluN2C and GluN2D subunits in the telencephalon is largely unknown. To better understand the possible role of GluN2C subunits, we used fluorescence in situ hybridization (FISH) together with multiple cell markers to define the distribution and type of cells expressing GluN2C mRNA. Using a GluN2C-KO mouse as a negative control, GluN2C mRNA expression was only found in non-neuronal cells (NeuN-negative cells) in the hippocampus, striatum, amygdala, and cerebral cortex. For these regions, a significant fraction of GFAP-positive cells also expressed GluN2C mRNA. Overall, for the telencephalon, the globus pallidus and olfactory bulb were the only regions where GluN2C was expressed in neurons. In contrast to GluN2C, GluN2D subunit mRNA colocalized with neuronal and not astrocyte markers or GluN2C mRNA in the telencephalon (except for the globus pallidus). GluN2C mRNA did, however, colocalize with GluN2D in the thalamus where neuronal GluN2C expression is found. These findings strongly suggest that GluN2C has a very distinct function in the telencephalon compared to its role in other brain regions and compared to other GluN2-containing NMDARs. NMDARs containing GluN2C may have a specific role in regulating l-glutamate or d-serine release from astrocytes in response to l-glutamate spillover from synaptic activity.
Introduction
N-methyl-d-aspartate receptors (NMDARs) are a family of ligand-gated ion channels activated by the primary excitatory neurotransmitter of the central nervous system, l-glutamate. NMDARs have important roles in cognition, working memory, and synaptic plasticity but they are also involved in a number of neurological/psychiatric disorders such as schizophrenia, traumatic brain injury, Alzheimer disease, epilepsy, and depression [1, 2] . These complex actions of NMDARs are generated by a diverse family of NMDAR subunits which display distinct biochemical and physiological properties.
NMDARs are tetrameric assemblies containing two GluN1 subunits and two subunits from the GluN2 (GluN2A-GluN2D) and/or GluN3 (GluN3A, GluN3B) subunit families. Receptors with different GluN2 subunits have distinct functional properties in terms of voltage-dependency, agonist affinity, and deactivation kinetics [2] [3] [4] [5] [6] . These properties, together with the varied distributions of the GluN2 subunits, can account for much of the functional diversity of NMDARs. To date, most studies of NMDAR function in the telencephalon have focused upon GluN2A and GluN2B subunits because these are the predominant GluN2 subunits in the forebrain. GluN2C-containing NMDARs are important for cerebellar function/motor coordination [7, 8] and thalamic reticular nucleus modulation of delta oscillations [9] , but relatively little is known about the role of GluN2C-containing NMDARs in the telencephalon.
While the distribution of GluN2C subunit expression has been well characterized, an important question remains as to their localization in the telencephalon. GluN2C subunits are highly expressed in cerebellar granular cells, moderately expressed in various lateral thalamic nuclei and in the mitral cells and glomerular layer of the olfactory bulb, and weakly expressed in the telencephalon (cortex, hippocampus, amygdala, and striatum) [4, 10] . However, the identity of the cells expressing GluN2C in the telencephalon has been unclear. In the rodent cortex, hippocampus, and striatum, GluN2C (and GluN2D) have a diffuse, non-laminar distribution pattern that is consistent with both interneurons and glial cells [4, 10] . Noting that the GluN2C-labelled cells were also found in the white matter and had small nuclei that stain well for hematoxylin, Watanabe and colleagues proposed that the cortical GluN2C-labelled cells were glia [10] ; see also [11] . However, RT-PCR studies reported that parvalbumin positive cells display significant levels of GluN2C mRNA and no detectible GluN2D mRNA [12] . Additionally, other recent studies have used two different transgenic animals which express ß-galactosidase as an indicator for cells expressing the GluN2C gene. These studies reported ß-gal staining in neurons of the cerebral cortex [13, 14] . This localization is also consistent with layer IV neuronal labeling by GluN2C probes in human and monkey cortex [15, 16] .
The purpose of this study was to take advantage of a GluN2C knockout mouse as a negative control and to use highly sensitive fluorescence in situ hybridization (FISH) together with multiple cell-specific markers to further define the distribution and identity of cells that express GluN2C subunit mRNA in the telencephalon and to compare this distribution to that found for GluN2D subunits. These results suggest that in the telencephalon, GluN2C mRNA is almost exclusively expressed by non-neuronal cells whereas GluN2D subunit mRNA is primarily expressed in neurons.
Methods

Animals and Section Preparation
Adult C57BL/6 wild-type mice and ß-galactosidase knock-in (GluN2C-KO) mice [13] on the same background, were used to identify GluN2C mRNA signal and confirm its specificity. Mice were sacrificed under deep isoflurane anesthesia and brains were removed and immediately frozen on powdered dry ice. Brains were cut at a thickness of 20 µm, thawmounted onto Superfrost Plus™ slides, and air-dried. Sections were fixed in ice-cold 4% paraformaldehyde, washed in phosphate-buffered saline (PBS), dehydrated in 70% ethanol, and stored in 95% ethanol at 4 °C.
cRNA Probe Design
For GluN2C FISH, fluorescein-and digoxigenin-labeled cRNA probes were designed to detect GluN2C mRNA in wild-type mice but not in GluN2C-KO mice. A fragment of rat GluN2C cDNA (360-2402 nucleotide residues; GenBank accession number, NM_012575.3) that corresponds to the deleted fragment in the GluN2C-KO mouse genome [13] was subcloned into the pSPT 19 plasmid vector. For GluN2D ISH, complete coding sequence of rat GluN2D cDNA (Accession number: L31611.1) was used to synthesize digoxigenin-and fluorescein-labeled cRNA probes. GluN2C and GluN2D cRNA probes were prepared by in vitro transcription (DIG RNA Labeling Kit; from Roche), and fragmented by alkaline digestion as previously described [17] .
Combined Fluorescence In Situ Hybridization and Immunohistochemistry
To combine FISH and immunohistochemistry (IHC) techniques in frozen sections, we used an adjusted protocol based on previous protocols [18, 19] . Sections were rehydrated in 70% ethanol and TNT buffer (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.05% Tween 20), acetylated in fresh solution of 0.25% acetic anhydride in 0.1 M triethanolamine-HCl, pH 8.0, for 10 min, and rinsed in TNT. Sections were prehybridized in hybridization buffer (50% formamide, 50 mM Tris-HCl, pH 7.5, 1x Denhardt's solution, 600 mM NaCl, 200 g/mL yeast tRNA, 1 mM ethylenediaminetetraacetic acid (EDTA), and 10% dextran sulfate) for 1 h. Sections were then hybridized with GluN2C and/ or GluN2D cRNA probes-containing hybridization buffer at 63-67 °C overnight and then were washed stringently at 61-65 °C with frequent gentle agitation, as follow: 5 × SSC for 10 min, 4 × SSC/ 50% formamide for 20 min, 2 × SSC/ 50% formamide for 20 min, and 0.1 × SSC for 10 min. After rinsing in TNT, sections were incubated in 2% H 2 O 2 in TNT for 10 min, washed in TNT, and blocked with 5% bovine serum and normal goat serum/TNT for 1 h. Sections were incubated with peroxidase-conjugated anti-digoxigenin or anti-fluorescein antibody (Roche Diagnostics, 1:100-1:200) diluted in TNB for 1 h, and washed. Cy3-TSA or fluorescein-TSA (tyramide signal amplification plus kit, PerkinElmer) was used to develop the signal. For dual color FISH detection, sections were treated with 100 mM sodium azide to block residual peroxidase activity [20] , and incubated with the antibody that detect the other mRNA target. Signal was developed using Cy3-TSA or fluorescein-TSA.
For combined FISH/IHC experiments, after blocking sections in bovine serum and normal goat serum, sections were incubated with peroxidase-conjugated anti-digoxigenin or anti-fluorescein antibody (Roche Diagnostics, 1:100-1:200), mouse anti-NeuN antibody (Millipore, 1:100), and rabbit anti-glial fibrillary acidic protein (GFAP) antibody (Abcam, 1:1000) diluted in TNB at 4 °C overnight. TNT-washed sections were then incubated with Cy3-TSA (tyramide signal amplification plus kit, PerkinElmer), and washed. Sections were then incubated with Alexa647-conjugated goat antimouse antibody (Invitrogen, 1:200) and Alexa488-conjugated goat anti-rabbit antibody (Invitrogen, 1:200) for 2 h. Sections were then rinsed in TNT and distilled water before being cover slipped using Fluoroshield™ with 4,6-diamidino-2-phenylindole (DAPI) medium (Sigma-Aldrich).
Quantification of Signal and Colocalization
Confocal fluorescent images were captured using a Zeiss confocal microscope. Z-series stack images were used for quantification and determination of colocalization. For quantitative analysis, cell or puncta counting was performed using 40× magnification. GluN2C mRNA puncta, GluN2D mRNA puncta, NeuN-positive cells, GFAP-positive cells, and DAPI-positive nuclei were identified and counted manually one-by-one in a single channel display mode. Colocalization of GluN2C mRNA, GluN2D mRNA, NeuN-positive cells, GFAP-positive cells, and GFAP/NeuN-negative cells were determined based on coincidence of these markers in the same cell as revealed by DAPI staining. Images shown here were projected using maximum intensity projection of Z-series stacks, and image brightness was adjusted using ImageJ program. Results were expressed as mean ± SEM.
Results
Specificity of Antisense RNA Probe to GluN2C mRNA
GluN2C mRNA distribution was studied in C57BL/6 wild type mice and GluN2C knockout mice in which most of the GluN2C coding region was replaced by ß-galactosidase. Since the GluN2C-KO mice have a fragment of the GluN2C gene left in their genome, we designed the antisense RNA probe so that its sequence only complements the deleted GluN2C exons in the GluN2C-KO mice. Non-isotopic in situ hybridization was performed using fluorescein-labeled and digoxygenin-labeled cRNA probes for GluN2C mRNA to determine GluN2C mRNA distribution in the brain. The probes displayed a signal for GluN2C mRNA that matches the previously described general GluN2C distribution in brain [3, 6, 10, 21, 22] . GluN2C mRNA signal was the strongest in the granular cell layer of the cerebellum and moderately strong in mitral cell and glomerular layers of the olfactory bulb. In the lateral thalamus, GluN2C mRNA signal level was low but higher than in striatum, hippocampus, and cortex. Importantly, cRNA probe signal discussed here was not observed in GluN2C-KO mice brain sections that were processed in parallel using the same FISH/IHC procedures and the same imaging conditions that detected GluN2C signal in wild-type brain (Fig. 1 ).
GluN2C mRNA Distribution and Cell-Type Identification in Telencephalon and Thalamus
Overall, GluN2C mRNA signal showed a greater density of labeled cells in the lateral thalamic structures in contrast to the signal in the telencephalon. In the cortex, the scattered, non-laminated GluN2C mRNA distribution was consistent with the distributions of cortical interneurons and glial cells. In preliminary experiments we evaluated GluN2C colocalization with the vesicular glutamate transporters 1 and 2 (VGluT1/2) and glutamate decarboxylase 67 (GAD67) as markers for l-glutamate and gamma-aminobutyric acid (GABA)-using neurons, respectively. We found no colocalization with either of these signals whereas GluN2D signal colocalized with GAD67 (data not shown). Thus, we focused further studies using a combination of FISH and IHC to characterize GluN2C colocalization with NeuN and GFAP as markers for neurons and astrocytes, respectively. As expected, signal for GFAP and NeuN did not colocalize with each other under our conditions. In representative brain regions, we determined the percentage of NeuN-positive cells, GFAP-positive astrocytes, and GFAP/NeuN-negative cells that expressed GluN2C mRNA.
Thalamus
As previously reported, GluN2C mRNA was expressed by many thalamic nuclei [10] . Signal for GluN2C mRNA was displayed in the mediodorsal nucleus (nuc.), the ventral posteromedial nuc. (VPM), the ventral posterolateral nuc. (VPL), the posterior thalamic nuc., and the reticular thalamic nuc. (RTN). GluN2C mRNA signal was lower in the midline thalamic nuclei, and there was no signal in the medial and lateral habenular nuc. In the VPM/VPL and RTN, most NeuN-positive cells expressed GluN2C mRNA. GFAP-labeling was only strong in RTN, thus GFAP/GluN2C colocalization was only determined for this thalamic nucleus. Most of the RTN GFAP-positive cells were negative for GluN2C mRNA with only 20 ± 7% of the GFAPlabeled cells expressing GluN2C mRNA. The percentage of NeuN-positive cells that were also positive for GluN2C in the VPM/VPL, RTN, and midline thalamus were 94 ± 1.6, 87 ± 3.2, and 21 ± 3.9%, respectively (Fig. 2) .
Cerebral Cortex
Previous studies have shown that GluN2C mRNA hybridization signal is faint in the cerebral cortex and found in all cortical layers [10] . Consistent with those findings, in the present study, specific GluN2C signal was seen for scattered cells without evidence of a layered distribution. Thus, the GluN2C signal is not as would be expected for pyramidal or stellate neurons in the cerebral cortex which have a layer specific distribution. We quantified GluN2C mRNA distribution in the retrosplenial cortex and somatosensory cortex as examples of distinct cortical areas. and low (d) background staining in cerebellum and olfactory bulb that was independent of the tag used. e, f Enlarged images of the cortex, hippocampus, and thalamus which are highlighted by the box in (c). Scattered GluN2C signal is displayed in these regions of wild-type mouse (e) but not in GluN2C-KO mouse (f). T thalamus, Ctx cortex, H hippocampus. Positive staining in the telencephalon is more apparent in the enlarged, high resolution images of this figure. Scale bars: c, d, 1 mm; e, f, 500 µm GluN2C mRNA signal was distributed throughout the cortical layers of the retrosplenial cortex and was not found in NeuN-positive cells. However, GluN2C mRNA was expressed in GFAP-positive cells and NeuN/GFAP-negative cells. GFAP-labeling was most strongly expressed in layer 1 of the retrosplenial cortex. Within this layer, 76 ± 1.8% of the GFAP-positive astrocytes expressed GluN2C mRNA. In contrast, GFAP-labeling was weak and showed a very low number of GFAP-positive astrocytes in the other layers.
Thus, GluN2C/GFAP mRNA colocalization was not analyzed in these layers. However, the few GFAP-positive cells in these layers were usually also positive for GluN2C signal (Fig. 3) . Cells that were either negative or positive for NeuN were quantified in all layers; only NeuN-negative cells colocalized with GluN2C signal (Fig. 3) .
As found for retrosplenial cortex, expression of GluN2C mRNA in the somatosensory cortex was found in GFAPpositive cells and GFAP-negative/NeuN-negative cells but not in NeuN-positive cells. GFAP-labeling for the somatosensory cortex displayed the same pattern as found for the retrosplanial cortex, only cells in the superficial layer were labeled strongly with GFAP. We found that 86 ± 2.2% of the GFAP-positive astrocytes expressed GluN2C mRNA. GFAP-labeling was again weak in the deeper cortical layers and thus GluN2C/GFAP colocalization was not quantified in these layers. However, when GFAP was present, GluN2C was frequently co-expressed. Most GluN2C-positive cells in the deeper layers were GFAP-negative/NeuN-negative cells (Fig. 4) .
Hippocampus and Dentate Gyrus
The GluN2C mRNA signal was distributed throughout the hippocampus and dentate gyrus. As previously reported by others, the distribution of cells labeled by GluN2C probe is inconsistent with GluN2C presence in pyramidal or granular cells. GluN2C-positive cells were found at low density in all hippocampal layers (stratum oriens, stratum pyramidale, stratum radiatum, and stratum lacunosum-moleculare) and the dentate gyrus (granule cell layer, molecular layer, and hilus). NeuN-positive cells did not express GluN2C mRNA. GFAP-labeling was strong in both the hippocampus and dentate gyrus which allowed for quantification of GluN2C colocalization. GFAP was co-expressed with GluN2C mRNA by 72 ± 3.6% in the stratum radiatum and by 78 ± 5.4% in the molecular layer. Also, 7 ± 1.3 and 10 ± 2% of the NeuN/ GFAP-negative cells expressed GluN2C mRNA in the radiatum and the molecular layer, respectively (Fig. 5) .
Striatum, Amygdala, and Globus Pallidus
GluN2C mRNA signal was scattered throughout the striatum, amygdala, and globus pallidus at a low density. In the striatum and amygdala, NeuN-positive cells were not colabeled with GluN2C mRNA signal. In contrast, GFAP-positive cells frequently co-expressed GluN2C mRNA. As found for the deep layers of the cerebral cortex, GFAP staining was weak in the basal ganglia, but when present was frequently co-expressed with GluN2C mRNA. GluN2C signal was also found in 20 ± 2.5 and 24 ± 1.2% of GFAP-negative/NeuNnegative cells in the striatum and amygdala, respectively. Unlike the striatum and the amygdala, GluN2C mRNA was expressed by NeuN-positive cells in the globus pallidus. 47 ± 7.8% of the NeuN-positive cells and 2 ± 0.9% of GFAPnegative/NeuN-negative cells were found to express GluN2C mRNA (Fig. 6) .
Comparison with GluN2D Subunit Distribution
GluN2D subunits also display a low density, scattered distribution of mRNA expression in the hippocampus, striatum, and cerebral cortex [3, 4, 10, [22] [23] [24] [25] . Thus, in these areas, the GluN2C and GluN2D distributions appear similar and are difficult to distinguish from background staining levels. Using a full-length riboprobe to label GluN2D mRNA, we find the anatomically-specific pattern of staining with highest levels in the midline thalamus (paraventricular nucleus, central medial nucleus, nucleus reuniens, and rhomboid nucleus) and lower levels in lateral thalamus as others have reported for GluN2D mRNA [4, 10] (Fig. 7) . This specific distribution also corresponds to L-[ 3 H] glutamate binding sites that display a GluN2D-like pharmacological profile [3] . Using conditions that generate this specific GluN2D-like distribution, scattered cells throughout the telencephalon were labelled as has been reported. We find that these GluN2D-positive cells were also stained with NeuN and not with GFAP in the cerebral cortex, hippocampus, striatum, and thalamus (Fig. 8) .
Thus, GluN2C colocalized with GFAP in the telencephalon whereas GluN2D riboprobes did not. Conversely, GluN2D colocalized with NeuN, but GluN2C did not colocalize with this neuronal marker in the telencephalon other than in the globus pallidus. The idea that GluN2C and GluN2D are expressed in distinct cell populations in the telencephalon, was further supported by the absence of colocalization of these two probes in the cortex, hippocampus, and striatum (Figs. 8, 9c ). These two probes, did however, colocalize in the thalamus (reticular nucleus and ventral posterior nucleus), a region where GluN2C is also expressed in neurons. Importantly, of the mouse genome, the GRIN2C (GluN2C) and GRIN2D (GluN2D) genes are more closely related to each other than any other gene. Consequently, nonspecific probe labeling of other mRNAs would most likely cause a false positive of GluN2C/GluN2D colocalization and thus would not account for the dissimilar distributions seen for the GluN2C and GluN2D probes. Since a GluN2D knockout that does not express some GluN2D mRNA was not available, we were not able to define background staining levels of the GluN2D probe and so we did not attempt a quantitative colocalization analysis.
Discussion
Studies have consistently shown that GluN2C mRNA is found in cerebellar granule cells, lateral nuclei of the thalamus, and in the mitral cells and glomerular layer of the olfactory bulb. However, the identity of cells expressing GluN2C in the telencephalon is less clear and the literature is inconsistent. In the present study, we find that essentially all of the GluN2C signal in the telencephalon is expressed in glial cells and colocalized well with GFAP when GFAP was present. The only evidence that we found for a neuronal localization of GluN2C in the telencephalon was for the globus pallidus and the olfactory bulb. These results are consistent with the original characterizations of GluN2C mRNA distribution [4, 10] which reported GluN2C in cells sparsely scattered throughout each region of the telencephalon and that these cells are likely to be glial cells based on their small size and dark staining by hematoxylin [10] . In the same tissue sections, GluN2C mRNA was expressed in neurons of the thalamus and cerebellum, thus both the neuronal marker and GluN2C probe were staining as expected in these sections.
In contrast to GluN2C, the GluN2D probe consistently colocalized with NeuN and not with GluN2C. Given the lack of a layered distribution for GluN2D signal in the cortex and hippocampus, the GluN2D-positive neurons are likely to be interneurons. This result is consistent with demonstrations that GluN2D expression is in GABAergic cells in the cerebral cortex and hippocampus [23, 26, 27] . From our results, however, there could be a minor subpopulation of cortical pyramidal cells that express GluN2D.
Other studies have suggested that GluN2C is expressed in cortical neurons. Using a transgenic approach to express the ß-gal reporter under control of the endogenous GluN2C promotor, neurons of layer 6 of the retrosplenial cortex were found to express ß-gal [13] . Similarly, in a different mouse construct, putting ß-gal under control of a large portion of the GluN2C promotor resulted in ß-gal labelled neurons in layer 4 of the somatosensory cortex [14] . This latter study also provided evidence for functional GluN2C-containing NMDAR in neurons by showing single channel properties indicative of GluN2C-containing receptors. Using the GluN2C-KO/ ß-gal mouse [13] (the GluN2C knockout control in this study), we find ß-gal expression in both layer IV of somatosensory cortex and layer VI of the retrosplenial cortex.
The possible expression of GluN2C in cortical layer IV is consistent with studies of monkey brain in which riboprobes for GluN2C specifically labelled layer IV of somatosensory cortex area 3b [16] and human brain studies where riboprobes labelled the granular layer of prefrontal cortex and visual cortex [15] . As has been suggested, neuronal layer IV GluN2C expression may be specific to primates [15] . In rodents, there is no evidence of layer IV-specific staining; GluN2C probe binding is uniformly scattered throughout the cortex [3, 10, 22, 24, 28] . Interestingly, stellate layer IV cortical neurons in a mouse model of tuberous sclerosis complex display thalamocortical synaptic responses with GluN2C-like pharmacological properties whereas wildtype mice do not [29] . Thus, GluN2C expression in rodent stellate cells may normally be suppressed, but can be expressed under pathological conditions. Perhaps GluN2C promoter driven beta-gal expression escapes this regulatory suppression.
In this study, we used the GluN2C knockout as a negative control and a probe targeting the RNA sequence missing in the knockout to label GluN2C mRNA in wildtype mice. By using identical hybridization / imaging conditions for parallel experiments in wildtype and knockout mice, we were able to distinguish low levels of background staining from positive staining. This approach should greatly reduce any false positives due to the probe binding to non-GluN2C RNA. Furthermore, since GluN2D is the most closely related gene to GluN2C and the GluN2D probe did not colocalize with GluN2C in the telencephalon, neither probe appears to be labelling the other's mRNA. However, since our GluN2C probe does have some complementary homology to GluN2A, B, D mRNA, defining conditions that eliminated this binding could conceivably have reduced the levels of probe binding to GluN2C mRNA. Thus, we cannot rule out that in some cases the absence of staining is a false negative, especially if the cell had very low levels of GluN2C mRNA. Using these conditions, probe binding displayed punctate staining near the nucleus as has been reported for GluN2D probes [23] and thus we do not appear to be detecting mRNA in dendrites or astrocyte processes.
GluN2C mRNA colocalized with GFAP in the telencephalon when GFAP was present. For telencephalic regions that poorly stain for GFAP (e.g. deep cortical layers), GluN2C signal was found predominately in NeuN-negative/GFAPnegative cells, which are likely to be astrocytes that are not expressing GFAP. NeuN staining was robust in these regions, but did not colocalize with GluN2C. Relatively few neuronal types are not stained by NeuN and these are predominately expressed outside of telencephalon [30] [31] [32] . It is also possible that some of the GluN2C+/NeuN-/GFAPcells include oligodendrocytes or other glial cell populations. Overall, these results are consistent with the findings of RNA-seq transcriptomes for the cerebral cortex [33, 34] . From these studies, GluN2C mRNA from the cerebral cortex was much more highly expressed in astrocytes than in oligodendrocytes, microglia, and neurons. Immunohistochemical studies indicate the presence of GluN1 and GluN2A and/ or GluN2B in astrocyte processes [35] while evaluation of RNA from isolated astrocytes indicates the presence of mRNA for GluN1, GluN2B, and GluN2C [36] , or find mRNA for all NMDAR subunits but with relatively high levels of GluN2C and low levels of GluN2D expression [37] .
Electrophysiological studies in cortical and hippocampal astrocytes have demonstrated functional NMDARs in astrocytes, and these receptors can mediate neuron-to-glia communication [38] [39] [40] . The astrocytic endfeet contain NMDARs and AMPARs, and enwrap the synaptic clefts. By this mechanism, astrocytes can sense the glutamate concentration in the synapse. Stimulation of NMDARs in astrocytes can increase intracellular calcium levels [40, 41] . In turn, this increase in intracellular calcium 5 GluN2C mRNA expression in hippocampus. a GluN2C mRNA colocalizes with GFAP-positive cells in stratum oriens, the pyramidal cell layer, stratum radiatum, the molecular layer, the dentate gyrus-granular cell layer, and the hilus (arrows). GluN2C mRNA does not colocalize with NeuN-positive cells in these regions.
GluN2C mRNA colocalizes with NeuN-negative/GFAP-negative cells. b Percent of NeuN-positive, GFAP-positive, or NeuN-negative/ GFAP-negative cells that were also labeled by GluN2C probe in the stratum radiatum and the molecular layer. Scale bar = 10 µm may potentially cause or enhance the calcium-dependent release of gliotransmitters such as ATP, d-serine, and l-glutamate into the perisynaptic region. d-serine/l-glutamate released from astrocytes appears to be released at sites directly opposing neuronal extrasynaptic NMDA receptors [42] and thereby causing slow inward NMDA receptor-mediated currents in neurons [43] [44] [45] [46] [47] .
Pharmacological studies support a role for functional NMDARs containing GluN2C and/or GluN2D subunits in astrocytes [48] . Agonist-evoked NMDAR currents in cortical astrocytes display low sensitivity to magnesium blockade and are especially sensitive to the partially-selective GluN2C/D antagonist UBP141 [48, 49] . Similarly, cortical glial cell transmembrane NMDA receptor currents activated b Percent of NeuN-positive and NeuN-negative/GFAP-negative cells that were also labeled by GluN2C probe in the striatum, amygdala, and globus pallidus. Scale bar = 10 µm by stimulating cortical neuronal afferents are likewise preferentially blocked by UBP141 and not by GluN2B-selective antagonists [48] . Among GluN subunits, GluN2C, GluN1, and GluN3A display the strongest expression in cortical astrocytes as reported in RNA-sequencing / transcriptome databases [33, 50] . Thus, it is possible that astrocytes express a heterotrimeric GluN1/GluN2C/GluN3A receptor, as suggested by [48] which would also impart low magnesium sensitivity or GluN2C and GluN3A subunits may be in separate NMDAR complexes in the same or different astrocytes.
The ability of astrocyte NMDARs to elicit glutamate release and a subsequent extrasynaptic NMDAR neuronal current might account for extrasynaptic NMDAR currents that are seen upon short burst stimulation in the hippocampus [51, 52] . These long-lasting neuronal NMDAR currents are activated by glutamate spillover during repetitive synaptic stimulation in the CA3-CA1 hippocampal synapse. This response is especially sensitive to PPDA, UBP141, and ifenprodil, suggesting an involvement of GluN2C/D and GluN2B subunits. The present study suggests the possibility that GluN2C in astrocytes could be responding to the glutamate spillover to cause glutamate release from astrocytes which in turn may activate neuronal extrasynaptic GluN2B-containing receptors (Fig. 10 ).
GluN2C-containing NMDARs have 3 properties that make them ideal as detectors of synaptic l-glutamate spillover. They display a high affinity for l-glutamate and glycine/d-serine [4, 6, 53, 54] so they can detect low, extrasynaptic concentrations of l-glutamate. They are also weakly inhibited by Mg ++ so their channel activity does not require coincident depolarization as do GluN2A or GluN2B-containing NMDARs [4, 6, 21, 53, 54] . Thirdly, GluN2C-containing NMDARs do not desensitize [4, 55] , so these receptors would stay responsive to slowly changing or tonic extracellular l-glutamate. Interestingly, GluN2D-containing receptors also display these properties, so they may display a similar role in the detection of low concentrations of extrasynaptic l-glutamate in order to tonically activate inhibitory interneurons [56] in addition to their activation by synaptic activity [26, 27] .
Taken together, these results suggest that astrocytes with GluN2C-containing NMDA receptors can modulate the excitability of neuronal NMDA receptors throughout the telencephalon. Since schizophrenia is thought to reflect NMDA receptor hypofunction, it is interesting that the expression of GluN2C mRNA in the dorsolateral prefrontal cortex was reduced in people with schizophrenia [57] and that GluN2C knockout mice display a phenotype resembling schizophrenia [58] . Therefore, the modulation of GluN2C function may represent a new target to treat schizophrenia. With sufficient synaptic activation, glutamate spillover activates GluN2C-containing NMDARs (NMDAR-2C) and metabotropic glutamate receptors (mGluR) on the astrocyte, leading to increased cytoplasmic calcium levels from extracellular and intracellular sources, respectively. (3) In response to elevated intracellullar calcium from intracellular stores, and possibly from GluN2C currents, astrocytes release glutamate (and other gliotransmitters) which acts on extrasynaptic GluN2B-containing NMDARs (NMDAR-2B) on the postsynaptic structure on the same neuron, and potentially additional neurons, to modulate excitability and synaptic plasticity
